Under anaerobic conditions, Shewanella putrefaciens is capable of respiratory-chain-linked, high-rate dissimilatory iron reduction via both a constitutive and inducible Fe(III)-reducing system. In the presence of low levels of dissolved oxygen, however, iron reduction by this microorganism is extremely slow. Fe(II)-trapping experiments in which Fe(III) and 02 were presented simultaneously to batch cultures of S. putrefaciens indicated that autoxidation of Fe(II) was not responsible for the absence of Fe(III) reduction. Inhibition of cytochrome oxidase with CN-resulted in a high rate of Fe(III) reduction in the presence of dissolved 02, which suggested that respiratory control mechanisms did not involve inhibition of Fe(III) reductase activities or Fe(III) transport by molecular oxygen. Decreasing the intracellular ATP concentrations by using an uncoupler, 2,4-dinitrophenol, did not increase Fe(III) reduction, indicating that the reduction rate was not controlled by the energy status of the cell. Control of electron transport at branch points could account for the observed pattern of respiration in the presence of the competing electron acceptors Fe(III) and 02-
The importance of dissimilatory iron reduction as a determinant of the organic carbon mineralization rate and iron bioavailability has been studied within coastal sediments (25) , anoxic lake sediments (10, 11, 28) , and estuarine waters (13) (14) (15) . There has been considerable speculation that iron assimilation can limit biological activity in a variety of marine environments (1, 2, 6, 8, 17, 22) . Dissimilatory iron reduction may also have important implications for soil weathering and consequences for groundwater quality (4) . In addition, iron-reducing microorganisms have been implicated in accelerated pipeline corrosion (19, 20 ; C. 0. Obuekwe, Ph.D. dissertation, University of Alberta, Edmonton, Alberta, Canada, 1980 (4) found that an oil pipeline isolate, subsequently designated Shewanella putrefaciens sp. strain 200 (23) , catalyzed the reductive dissolution of goethite and hematite only when direct contact with the mineral surface was possible.
Rates of dissimilatory iron reduction by S. putrefaciens sp. strain 200 normalized for cell density are among the highest reported. Arnold et al. (5) found that the kinetics of dissimilatory iron reduction by S. putrefaciens depend upon the equilibrium concentrations of individual Fe(III) species other than free ferric iron. At high equimolar concentrations of total Fe(III) and the iron chelator nitrilotriacetic acid (NTA) (1.86 x 10-3 M), electron transfer to Fe(III) was limited by the same factors as aerobic respiration, presumably at the dehydrogenase level (9). * Corresponding author.
In S. putrefaciens, the dissimilatory iron reduction capacity increased nearly 10-fold upon induction via growth under 02-limited conditions: less than 1% of saturating levels of dissolved oxygen, or about 2.5 ,uM (5) . Electron transfer in the presence of specific respiratory inhibitors indicated that the species harbors both inducible and constitutive Fe(III)-reductase activities. Iron reduction via the constitutive system was blocked by CN-, dicyclohexylcarbodiimide (DCCD), 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO), dicumarol, and quinacrine. The inducible system was uninhibited by CN-, N3-, HQNO, and DCCD. The inability of DCCD to interrupt dissimilatory iron reduction among cells grown at low oxygen tension suggests that electron transport via the high-rate, inducible iron reductase system is not coupled to oxidative phosphorylation (3) . Thermodynamics indicate that dissimilatory iron reduction occurs via an abbreviated electron transport chain (27) (23, 24) .
In the experiments measuring Fe(III) reduction in the presence of oxygen, S. putrefaciens was grown in 1.5-liter batch cultures (Biostat M fermentor; Braun Instrument Co.) at 30°C to a target optical density of A600 = 0.15. Westlake medium (pH 7.0) was prepared by the method of Obuekwe et al. (19) . Growth was initiated by the addition of 0.5 ml of a dense culture grown overnight in identical medium. Cultures were maintained under high (>190 ,uM) or low (<2.5 ,uM) oxygen tension during growth via manipulation of air flow and culture agitation rate to favor the constitutive or inducible ferrireductase activities, respectively. At the target optical density, chloramphenicol (Sigma Chemical Co.) was added to a final concentration of 2.3 x 10-4 M. NTA and FeCl3 were then each added to a final concentration of 1.86 X 10-3 M prior to the interruption of air flow to the reactor and initiation of continuous dissolved oxygen (Ingold 02 probe) and periodic total ferrous iron measurements. CNwas added incrementally to concentrations previously established as inhibitory to aerobic respiration in S. putrefaciens (3) .
The experiments to determine whether control of Fe(III) reduction was based on cellular energy status involved growth of S. putrefaciens in 2-liter batch cultures (VirTis Omni-Culture fermentor). The growth medium, growth conditions, and inoculation procedures were identical to those used above. Manipulation of aeration and agitation rates were again used to maintain either high (>190 ,uM) or low (<2.5 ,uM) oxygen tension during growth, thus favoring the presence of either the constitutive or inducible Fe(III) reductase. Chloramphenicol was not used in this portion of the experiment since an inhibitor of protein synthesis might have produced artificially high intracellular ATP concentrations. A 50-ml sample of the culture was removed and placed in a flask in a water bath at 30°C with agitation. An (Fig. 1) involving the cultures grown under conditions favoring the constitutive ferrireductase system (not 02 limited during growth) indicated that Fe(III) reduction by S. putrefaciens is slow (1.2 x 10-5 M h-1) in the presence of even low concentrations of dissolved oxygen, although nearly twice as fast as abiotic rates. Anticipated iron reduction rates were not achieved until residual oxygen was purged from both the medium and reactor headspace with high-purity N2. Assuming that 02 reduction involves a four-electron transfer, electron transport to 02 was about 1 order of magnitude faster than electron transport to Fe(III) following 02 exhaustion. The iron reduction rate following 02 exhaustion (4.1 x 10-6 M min-') was similar to rates measured in previous Fe(III)-reducing experiments involving S. putrefaciens in which the production of Fe(II) was determined by phenanthrolinebased assays (5).
The experimental procedure was repeated with cultures of S. putrefaciens grown under O2-limited conditions to favor the presence of inducible ferrireductase activity. Dissimilatory iron reduction proceeded only after virtual exhaustion of dissolved oxygen (Fig. 2) . The maximum rate of electron transfer to Fe(III) was approximately equal to the rate of electron transfer to 02 (5.3 x 10-5 and 6.3 x 10-5 M emin-1, respectively), again assuming a four-electron transfer for 02 reduction. This suggested that dissimilatory iron reduction by induced cultures was subject to the same kinetic limitations as electron transfer to oxygen. incrementally to uninduced cultures of S. putrefaciens in the presence of both Fe(III) and dissolved oxygen (Fig. 3) . At the target optical density (A6o0 = 0.15), the uninhibited 02 utilization rate was 1.8 x 10-5 M min-1. As expected, the 02 utilization rate decreased incrementally with sequential additions of CN- (Table 1) . However, the iron reduction rate rernained reasonably steady, between 2.17 x 10-6 and 2.50 x 10-6 M min-1, after the first cyanide addition (Fig. 3) . Iron reduction activity increased only slightly (to 3.0 xlO-6 M min-') in response to the purge of residual 02-Iron reduction rates measured in the presence of 10-3 M CN-were slightly lower than the rates observed in uninduced cultures under anaerobic conditions (4.1 x 10-6 M min-1), suggesting that the constitutive ferrireductase activity is partially inhibited by CN-at that level.
The results of similar CN-inhibition experiments conducted with cells grown under 02-limited (inducing) conditions are summarized in Fig. 4 high as expected from either previous iron reduction experiments conducted at higher optical densities or the uninhibited rate of dissolved oxygen utilization. It is possible that induction of the second ferrireductase system is a function of mean cell age as well as the 02 level during growth.
(iii) Lowered intracellular ATP concentrations. Addition of 10' M DNP to the culture grown under high oxygen tension (uninduced culture) resulted in a 53% decrease in ATP levels relative to the untreated control. Measured ATP concentrations were corrected by dividing by the culture optical density (A = 600 nm) to compensate for differences in cell number. The reported decrease in ATP concentration represents the mean of nine samples over a 60-min period. The addition of DNP also resulted in a 66% decrease in oxygen uptake rate and a retardation of the specific growth rate.
Fe(III) reduction for the uninduced culture in the presence of 02, with and without DNP, is shown in Fig. 5 . Rates of ferric iron reduction were similar for both cultures until the point at which oxygen was depleted in the culture containing DNP. Fe(III) reduction increased dramatically at that point, suggesting that the presence of molecular oxygen rather than the intracellular ATP concentration controls the rate of iron reduction by the constitutive enzyme activity.
The experiment with the culture grown under low oxygen tension (i.e., the induced culture) produced similar results.
DNP at 10-4 M caused a 30% reduction in ATP levels, a 31% reduction in oxygen utilization, and a retardation of the specific growth rate. Fe(III) reduction for the induced culture in the presence of 02, with and without DNP, is shown in Fig. 6 . Rates of Fe(III) reduction were again similar for both cultures until the point at which oxygen was depleted in the culture containing DNP. Control of Fe(III) reduction was provided not by the energy status of the cell (i.e., the ATP concentration), but by the dissolved oxygen concentration.
It is also evident from these results that neither the constitutive nor the inducible ferrireductase activity was completely inhibited by DNP addition. presence of 02, Fe(III) is reduced at extremely low rates by either the induced or the uninduced iron reduction systems of S. putrefaciens. Ferrozine trap experiments indicate that autoxidation is not responsible for the apparent lack of ferrireductase activity under aerobic conditions. Simultaneous measurements of ATP levels and iron reduction during the experiments with DNP suggest that cellular energy status is not a major control factor. Cyanide inhibition experiments indicate that (i) neither the constitutive nor the inducible Fe(III)-reduction activity is directly inhibited by molecular oxygen and (ii) control mechanisms involving interference with transmembrane Fe(III) transport by 02 are not supported by these data.
Although the regulatory mechanism in S. putrefaciens remains unknown, speculation is possible. The measured iron reduction rates are consistent with a mechanism which involves regulation of electron flow at respiratory-chain branch points separating pathways to the ferrireductase activities and cytochrome oxidase. The Although this proposed regulatory mechanism is speculative, the data described in these experiments are consistent with such an explanation. Additional experiments are needed both to confirm postulated electron transport chain relationships and to identify carriers which serve as branch points to Fe(III).
